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FURTHER CONSIDERATIONS OF CRITICAL HEAT FLUX
IN SATURATED POOL BOILING DURING POWER TRANSIENTS"

by
Kemal O. Pasamehmetoglu and Ralph A. Nelson

Safety Code Development
Nuclear Technology and Engineering Division
Los Alamos National Laboratory
Los Alamos., New Mexico 87545

ABSTRACT

In this paper. we further evaluate our previously postulated tran
sient CHF model. First. we verify the steady-state CHF model on which
the transient model s based by using recent macrolayer thickness data.
We also include the effect of thermal storage in the heater that we pre
viously neglected The use of a simphlified approach in the prediction
of the instantaneous surface heat flux for given power generation rates
considerably improves the predictive capability of the transient ¢nitical
heat-flux (CHF) model. Finally. we discuss the statistical vapor mass
behavior during transient boiling and its effect on the transient CHF
model We show that the data scatter within a3 small range may be
partially explained through such an approach

I. INTRODUCTION

Botling heat transler with time-dependent heat input. as well as the prediction of the
cntical heat flux (CHF) under such conditions. 1s of interest in several applications related
to the safety of nuclear and chemical plants One application in hght water nuclear reactor
technology invoives the reactivity imtiated acaident (RIA). in which a sudden increase in power
generation may occur  Therefore. accurate modeling of transient CHF s requned to evaluate
RIA scenarios

In the past. there have been several experimental studies aimed at providing a fundamental
understanding of the transient CHT phenom non in saturated pool boiling ' " Tachiban v et
al." Sakurai et ol < and Kawamura et o/ % measured the transient CHF using flat ibbon
heaters of small sizes piaced vertically in a pool of water at atmosphenc pressure  Sakura

»
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and Shiotsu®” used a horizontal platinum wire with a 1 2-mm diameter. They measured the
trarsient CHF in saturated pool boiling at pressures ranging from atmosphenc (01 MPa) to
20 MPa  The power to the heater was increased exponentially with a period ranging from
5msto10s

The first comprehensive theoretical modeling of the CHF during power transients 1s pre
sented by Senizawa ' Unfortunately, the model contradicts the physical evidence presented by
other investigators. First. Serizawa's steady state boiling model 1s based upon a continuous
liquid supply to the macrolayer. This assumotion contradicts the saturated pool boiling mode!
of Haramura and Katto.” which will be summarized in the following sectior. Secondly. the
final quantification of Serizawa’s model requires one of its important parameters. the macro
layer thickness. to be correlated empiiically This was done by directly comparing the model
with transient CHF data. Therefor+. a good agreement between the data and the model 1s
not surpnising. However. this empirically correlated magnitude of the macrolayer thickness
ts more than an order of magnitude smaller than that proposed by Haramura and Katto ' It
1s almost two orders of magritude smaller than that measured by Bhat et a/™ and hda and
Kobayasi.*

Recently. we proposed a new theoretical model!' to correlate the transient CHF in satu
rated pool boiling. The phy.sics of this new model is in agreement with the steady state CHF
model of Haramura and Katto.” Furthermoie. in addition to an evaporation mechanism, the
new model also considers a hydrodynamic-thinning mechanism of the inacrolayer for faster
transients. The details of this model may be found in Refs. 10 and 11 and are not repeated
here. The final transient CHF correlation was obtained in the following form for exponentially
increasing surface heat flux

Iff'. 3
no {1 H(B. 1)}’1 . ( N )g YU IR R Y I T (1
where
GJCHE TR
]
G HE SS

and /1. 1s the switch over parameter defined as the atio of the switch over heat flux to
steady state CHF The switch over heat flux 1s the heat fiux at whi h the mcrolayer thinning
mechamsm changes from hydrodynamuc to thermal.  The switch cver parameter' for an
exponential increase in the heat flux becomes

-

).
I (f_") . (2)

where 1« the vapor mass (bubble) heverning pertod evaluated when the surface heat Hoix s
cqual ta steady state CHE (see App A) and 5 s the exponential peniod of the sutface heat
HITE

In our previous study.'  we compared Eq (1) with the data of Sskurar and Shiotsy ™ At
high pressures. where the regular boihng occurs (as defined by Sakurar and Shiotsu® ). the
theoty consistently overpredicts the fast transient dato althouph the prediction i« within 2459,
However this eather publication does not contam o systematic and comiprebiensive evaluation



of the different parameters and assumptions aftecting the final result. The major areas that
requiie further discuss:on are as follows

1 The most recent macrolayer thickness data of Bhat et a/ = may be used for a morc
direct verification ot the steady state CHF model of Haramura and Katto.’

2 In our previous paper. in comparing the theory and the data. we assumed that the
surface heat flux may be related to the heat generation rate through a simple volume
to surface area ratio. Thus. we used the exponential period of the heat generation
rate. i. instead of the exponential period of the surface heat flux. 7 ~. This approach
obviously introduces some error during fast transients where thermal storage within
the heater may become significant. The effect of this error on the data comparison
must be quantified.

3. During transient boiling. it is impossible to account for the history of individual vapor
masses. Thus. a statistical analysis of the final prediction must also be provided
even though the range is expected to be relatively small.

4. In Eqgs. (1) and (2). the vapor mass hovering period. 7. is calculated through the
solution of the idealized bubble equation of motion as suggested by Haramura and
Katto” and summarized in App A. Such a purely analytical idealized approach is
likely to introduce some error.

ltems 1 through 3 are discussed in Secs. Il through V. respectively. The discussion of
item 4 is not included in this paper because we do not have any new experimental or analytical
evidence to re-evaluate the validity of the theoretically predicted magnitude of ;. Earlier, we
showed that, if all the other parameters ar~ assumed to be accurate. the error in evaluating
7,4 1s confined within 25% (see Ref. 10. Fig. 8). Finally. the summary and conclusions are
presented in Sec V

il. VERIFICATION OF THE STEADY-STATE MODEL
The multistep saturated pool boiling model of Haramura and Katto assumes that, at
high heat fluxes near CHF, the heater surface i1s crowded with hovering vapor masses. The
bulk liquid reaches the heater surface only when the vapor mass departs Consequently. CHF
occurs if the heat flux is high enough tn evaporate the total macrolayer ui der the vapor mass
during its hovering (growth) period Mathernatically, this model yields the following expression
for CHF,
A "
‘ ) . ()

Tagonr ss Pl (l
where i 1s the hovering period of the vapor mass and 1s given in App A, The initial macrolayer

thickness, ¢ s postulated by Haramura and Katto™ 1+ b one fourth of the Helmholty
instabulity wavelength along the vapor stems  Thus,
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where 4, 1. is the ratio of the heater area covered by vapor to the total heater area. In
this model. the parameter 1. 1. was evaluated through an indirect approach by Haramuia
and Katto They compared their model with the well known Zuber CHF correletion!= (sce
App. B) in order to compute the parameter .1, 1. Obviously. such an approach invalidates
the numerical assessment of the model against the CHF data.

Instead of this indirect approach. we evaluated the parameter .1, A, by directly compar
ing the Helmholtz instability model with the macrolayer thickness data of Bhat et al.™ This
comparison. which i discussed further in an earlier paper.'" is not repeated here. It suggests
that the macrolayer-thickness data at atmospheric pressure 1s best predicted if

4,
0.0161 - - - 0.0220
When these bounding values are substituted into Eqs. (3) and (4). the model of Haramura and
Katto predicts the following range for CHF over a horizontal surface at atmospheric pressure.

1.251 < gcHFss © 1.503 (MW/m*) .

At atmospheric pressure. the Zuber correlation, described in App. B. yields 1.261 MW /m?
using Liennard's cunstant (C- = 0.149)'% 1,354 MW/m* using Kutateladze's constant
(C¢- = 0.16)."" and 1.523 MW/m* using Rohsenow's constant (('¢- = 0.18).'" The predic-
tion by the model of Haramura and Katto is well within the range of the previously correlated
CHF data at atmospheric pressure. Unfortunately, similar assessment is not possible at higher
pressures because macrolayer-thickness data at these pressures do not exist. Therefore. we
extrapolated the data of Bhat et a/.." by assuming that 4, A4, follows the form suggested
by Haramura and Katto.”

4 o\
S (.." . ( I 'l ) ) (.-j)
‘ " p'f
where the constant ( "4 is evaluated at atmospheric pressure through the data of Bhat et a/.."
which yields

TAT 10 F - 4 062 - 10 ¢

Figure 1 shows the comparison between the model of Haramura and Katto, where Eq. (5)
is substituted into Egs. (3) and (4). aud the Zuber correlaiion with various constants. As
showr in this figure, even when the macrolayer-thickness data of Bhat et ar. are extrapolated
to higher pressures. the agreement between the multistep model and the previously assessed
correlations 1s quite favorable Therefore. we believe that this section brings a further verifi
cation of the steady state CHE mcdel of Homamura and Katto. which constitutes the kernel
of our transient CHF model.
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Comparison of the Zuber correlation with the mode! of Haramura and Katto.

. EFFECT OF THE HEATER'S THERMAL STORAGE ON THE TRANSIENT
-HF MODEL
In our previous study.! when we compared the transient CHF model given by Eq. (1)
with the data of Sakurai and Shiotsu.® we assumed that the surface heat flux between f ur 55
and tcuF TR May be related to the exponential heat generation rate as follows:

() @iemn il (6)

where V' and 5 are the heater volume and surface area. respectively. This assumption.
which we refer to as the quasi-steady conduction maodel. yields an exponential increase in
the surface heat flun where the exponential period is the same as the exponential period of
the heat ge—eration rate. With .his assumption. the theory overpredicted the data at small
exponential periods: however, the discrepancy was confined within 25%

In this section. we calculate the conduction eflfect within the heater on the prediction of
the transient CHF model. In order to calculate realistically the relationship between ¢ and ().
we must either theoretically model the entire boiling curve or use the surface heat flux versus
time data of Sakurai ond Shiotsu to solve the transient conduction equation within the heater,
from the start of the transient up to the inception of the transient CHF. The former 1s a
difficult task, whereas the latter is not available in the open literature. Therefore. we decided
to develop an approximate approach using the following assumptions.



1. First. we restricted our analysis to the transient CHF data where regular boiling
occurs. Regular boiling is defined by Sakurai and Shiotsu* as transient boiling where
the transient nucleate boiling curve recovers the steady-state nucleate boiling curve
before steady-state CHF and remains along the extension of the steady-state nucleate
boiling curve until it reaches the transient CHF. Regular and irregular boiling curves
are shown in Fig. 2. Figure 3 shows the boiling pattern map for the experiments of
Sakurai and Shiotsu.” In their experiment. Szkurai and Shiotsu observed that regular
boiling occurs with exponential periods greater than 5 ms at pressures greater than
0.588 MPa. Because the fastest transient CHF measurements correspond to an
exponential period of 5 ms. we restricted the analysis in this paper to the data at
pressures greater than 0.588 MPa. With this restriction. we are able to approximate
the surface heat flux/surface temperature relation between the times tcyr g5 and
1cHE TR through the use of an appropriate steady-state nucleate boiling correlation,
such as the Rohsenow correlation.!®

2. We also assumed that, between tcyf g5 and tcyp TR. the surface heat flux increases
exponentially such that

q(1) = gcHF.s5 exp (':;) . (7)

where qcurss < q(t) < gcyp TR and 77 7

3. Finally. we assumed that ihe temperature profile remains parabolic in shape between
tcHE.ss and tcHF TR, Althougn we know that the real temperature profile is time-
dependent. this assumption allows us to see the effect of temperature profile upon
the results. Thus,

. : q(d r )
T(t. wlt) - . . R
( r) Tl ) 4k, (I It- (%l
The instantaneous average temperature then can be calculated as
. .. q(t)d
i u t) 9
Tu(t)  Tu(1) &k, (9)

Between /¢yt s¢ and /¢ yp TR. the total heat generated per unit volume for an exponential
power transient Is given by

"CHE TR
I’. N
Grotal @ HF 55 eXp | . ydt . (10)
where ! I Iony o« bquation (16) can be approximated by the following expression.
Agopr 557 f

P ) 1 . (1

CHE IR
Grotal .
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The total heat stored per ur it volume within the heater is given by

Wstored /H,(‘,'_(T‘,\- HF.TR TA(.HF ssl . (12)

where T, curF TR~ 7. c(HF s May be calculated using Eq. (9) as follows.
Tacur TR Tacurss  Twcenr TR Tw.cHESS

. |lacHrTR: dYcHFss)d ) (13)
8k, ]

Note that the first term within the first set of brackets on the right-hand side (RHS) of Eq. (13)
corresponds to a lumped system. Near CHF. the calculated Biot number is on the order of
unity for a platinum heater with a 1.2-mm diameter. Therefore. the system is not lumped
and the second term on the RHS must not be neglected. Because our analysis is restricted
to regular boiling. the relationship between the heat flux and the surface ternperature can be
found using a nucleate boiling correlation such as the one given by Rohsenow!" as

. _ .32 .,
CrlTu - Tsat) _ Ch (_‘7_!‘:'._ ) (.(.';f_f‘_f> _ (14)
h g ushy, ks

where C g is 0.013 for platinum heaters in water and L, is the Laplace coefficient given by

P 1/2
S Foer)

Equation (14) can be written in the form,

7‘u. 7.53' - ¢(,)) . ql).:“'- . (I\.))

where

f L. s hrgby .

&(P) - 0.013 ( e ( ahry (16)
Hrhyy kg

Thus. by substituting Eqs. (13) and (15) into Eq. (12). the heat stored per unit volume may

be calculated as

] 0,33 032 d iy -
Qstored  PhCnOlCHE TR 9CHE SS) 8(')h(llCHF.TR‘ 4CHFSS) - 17)

Finally. the total heat convected to the fluid per unit heater volume is given by

'CHELTR

4 R 4 f, 1
/ ) dr- GCHFSS - | axp | (_Hf,TR) I (18]

@ convected GCHF 55 exp (.
d 7 o 7



Substituting Eqs. (11). (17). and (18) into the energy balance where

Qloml Qslou-d - Q(onvoclc-(l

and rearranging the terms, we obtain

Tt T ,‘,(' od Soan l..,
R L I DI VAR |

Sl = (y - 1) . (19)
‘ 14CHF 557

3'2(. s

Equations (1) and (19) constitute a set of two equations with two unknowns (r and 7°)
that must be solved simultaneously. For the experimental conditions of Sakurai and Shiotsu®->
that yield regular boiling. the numerical solutions are shown in Figs. 4-6.

Figure 4 illustrates the relation between 7 and 7~ for » platinum wire with a 1.2-mm diam-
eter placed in a pool of saturated water at various pressures. As expected. 7° is considerably
greater than 7 for small values ¢ 7. whereas the difference decreases as 7 increases. In the
limit. as 7 goes to infinity. Fig. 4 shows that 7", 7 goes to 1.17. However. beyond 7 = 1 s. the
quasi-steady conduction solution yields less than 1% error. Thus. the solution for the relation-
ship of 7 and 7° beyond i 5 has no practical importance. Figures 5 and 6 show the comparison
of Eq. (1) with the data of Sakurai and Shiotsu® at pressures of 2.056 and 1.079 MPa. respec-
tively. The solutions with quasi-steady conduction (1 = r~). the lumped-system assumption.
and the parabolic profile assumption are shown in these figures. As shown. the current tran-
sient CHF theory is improved considerably when it is coupled with the conduction solution
using a parabolic profile. This approach. however. still contains ce-tain approximations that
will be discussed further in the last section of this paper.

IV. EFFECT OF THE RANDOM VAPOR MASS BEHAVIOR ON THE TRANSIENT

CHF MODEL

In our previous study.'" the magnitude of the transient CHF was treated as a deterministic
value. However. during transient boiling. the history of a given vapor mass may affect the final
prediction, and this effect suggests a statistical value for the transient CHF. Such statistical
effects are expected to be rather weak because of the streng influence of the hydrodynamic-
thinning mechanism during fast transients. This mechanism is effective regardless of the
vapor mass behavior. During slower transients. the process becomes almost steady state.
Therefore. the statistical effects also are expected to be small. Nevertheless. we guantified
these effects for slow. fast. and very fast transients and evaiuated the results through data
comparison.

First, we consider the relatively slower transients. During such transients. the switch-over
from hydrodynamic to thermal thinning occurs before the surface heat flux reaches gcnr ss.
Therefore. even before steady-state CHF. the macrolayer thinning is dominated by evaporation
during the vapor mass hovering period In ow previous study.! we characterized these
transients based upon the magnitude of the switch-over parameter as I3, - 1. The first
term on the RHS of Eq. (1). which corresponds to slower transients. v/as obtained by assuming
that either switch-over occurs or a new vapor mass is formed at t  fcyfpsg. The calculated
value does not correspond to either the mimimum or maximum possible value of transient
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CHF but is used as an approxin:ation between the maximum and minimum values. The
corresponding macrolayer thickness follows the curve FG in Fig. 7.

To calculate the minimum possible value of transient CHF, we assume that a vapor mass
is formed at point A in Fig. 7. where ,; - 14 - icur.ss. For the macrolayer underneath this
vapor mass to dry out in an evaporation mode at time ¢ -. the energy deposition must be high
enough to evaporate all the liquid during the vapor mass hovering period. Thus. the following
inequality must be satisfied.

ol <

T4 1
(Ee)e o - / q;fp (£) g 20)

(

wheret” =t — t 4 and

Ap
> = h - v
fz PgNfg (l Au')

The term n'/*74 in Eq. (20) represents the vanor mass hovering period when the surface heat
flux is equal to gcur TR As we showed in an earlier study.!? during transient boiling the
vapor mass hovering period is almost independent of history effects and may be calculated
as a function of the departure heat flux using a steady heat flux model. Using Eq. (3) and

the fact that the critical liquid-layer thickness is inversely proportional to g2, the inequality in
Eq. {20) yields

13
o] .
l'z_[exp("l;‘?‘) I]I . (21)

Because our analysis is concerned with slower transients wher2 H, - 1 and n < 1.5, we can
safely approximate n' " by 1 Thus. when the terms are rearranged. we obtain

ga " B.gcyr ss ¢

| I
! 1 o
Ymin B, exp ( 9 ) , I . (-!-,)
- l'Z[exp(...') I]l
This result is valid only for slow transients where dryout under a given vapor mass occurs

because of evaporation alone during its hovering period. Therefore. ¢4 must be greater than
or equal to the switch-over heat flux ¢,:. which is defined as HB.qcur s5. Thus, Eq. (21) yields

13
’ I l RN
R " , | . ‘ "
l'.'lexp(.;) l],
The solution of this inequality yields

1. - 043

12



Therefore, the vapor mass that can lead to the earhest dryout must be formed when
g - 0.93 ¢cHF ss- Any vapor mass formed earlier will depart before dryout. whereas the vapor
masses formed after will lead to dryout before their departure

The maximum possible value of transient CHF . for the same slow transient, corresponds
to the case where the vapor mass departs before the dryout (at point C), and fresh liquid
replenishes the macrolayer. Thus. the macrolayer follows the path ACDE. The corresponding
maximum transient CHF may be obtained through the solution of the following integral.

r'CHFTR,max "
GCHF TR.min €xP (. )

(b“)w 4CHF TR.min f- . (24

where t* = t - tcHr TR min- Rearranging the terms in Eq. (24) yields
B!
Nmax = Tmin * ‘z;}';:;m , (25)

where nmin is given by Eq. (22).

During faster transients (B, > 0.93), the macrolayer thinning under the vapcr mass
leading to the earliest possible dryout is caused partially by hydrodynamic thinning. For
these transients, the macrolayer-thickness history in the vicinity of transient CHF is shown in
Fig. 8. A vapor mass initiated atter the switch-over point will lead to dryout, whereas a vapor
mass initiated before the switch-over poiint may depart before dryout (point C). As shown in
Fig. 8. the behavior of the vapor mass before the switch-over point (f ;) does not affect
the liquid-layer thickness. The only time the macrolayer thickness is affected by the vapor
mass departure is when this departure occurs after the switch-over time. Therefore. what
we previously postulated to be {cyr T actually applies if the vapor masses do not depart
between t;; and tcyr TR. Thus. the transient CHF (or #) calcufated through this approach
must be considered to be the minimum possible magnitude and is denoted as 1,,,. which is
given by the second term on the RHS of 1.q. (1). Thus. for fast transients,

Heun 1503, (26)

The maximum possible value corresponds to the case where the vapor mass departs just
before dryout (f  fcHr TRm:n). Thus, the liquid-layer thickness follows the pa‘h ABCDE
in Fig. 8. Through an analysis similar to that for slow transients, we can show that the
maximum heat flux also is given by Eq. (25). where 1, must be obtained from Eq. (26)
We also must remember that the above analysis is not applicable to very fast transients.
If the transient is fast enough that the very first vapor mass that forms remains on the
sturface until the transient CHF oceurs, the transient CHF becomes a deterministic rathet
than o probabilistic value  Actually, i these cases, it 1s more appropniate to talk about o
vapot blanket overlaying the macrolayer rather than vapor masses because without departure

13
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the Taylor wave pattern for individual vapor masses may not be distinguished. Such rapid
transients correspond to the case where

1°h0 X
n! "7, -
GCHETR o (1 . 1) . (27)
N B 7

In Eq. (27). gm g represents the heat flux corresponding to the first transition point on the
boiling curve as formulated by Moissis and Berenson.'® Fven though. during transient boiling.
the first transition may occur at a heat flux lower than what is predicted by the correlation
of Moissis and Berenson because of the temperature overshoot at the early stages of the
transient. their correlation may be used as a first-ordar analysis. At pressures between 1 and
2 MPa. the ratic gcur ss/gm 8 18 approximately 2qual to 10. At the sarne nressures and for
a horizontal wire with a 1.2-mm diameter. the hovering period when ¢ ¢cy 55 (denoted as
74) is approximately 30 ms. After substitution into Eq. {27), we obtain

;- pt'®

(2R)
30 log (101)

The simultaneous solution of Eqs. (1) and (28) roughly recommends 17 - 10 ms
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We can summarize this statistical analysis by the following expression,

1
I3 1
Nan A1 M. 093} B exp( X )l T l
- lz[exp( 7)) l} l
{H(B. 093)}1.58, . (29)
and
B
Nmax = Nmin * 9 o (30)
'lmin

Figures 9 and 1€ show the range covered by Egs. {29) and (30) compared with the high-
pressure data of Sakurai and Shiotsu.® As shown in these figures. the current theory that
suggests small data scatter is in agreement with such scatter during slower transients. |t
also is worth noting that, if evaporation is assumed to be the only thinnirg mechanism as
suggested by Serizawa.' the scatter for fast transients will be much larger. This assumption
is contradicted by the experimental data.

V. SUMMARY AND CONCLUSIONS

In this paper. we evaluated some assumptions that we postulated for an earlier transient
CHF model.!" This transient model is based upon the steady-state CHF model of Hara-
mura and Katto.” As a first step, we evaluated the model by incorporating the steady-state
macrolayer-thickness data that recently have appeared in the literature. The results show
excellent agreement with the commonly used CHF correlations.

To study our transient CHF model. we coupled it with the thermal conduction solution
within the heater. Thermal storage within the heater was neglectea in our previous study.
The resulting improvement is shown in Figs. 5 and 6. The remaining discrepancy possibly is
due to the following approximations required by thc analysis.

1. The analysis was applied only to transients at high pressure where regular boiling
occurs. Thus, between f¢yp o5 and ¢ yr TR, the heat flux/surface temperature
relationship is obtained from Rohsenow's nucleate botiing correlation that naturally
has some errors associated with it

2. Between (yp g5 and f(yp g, we assumed that an exponential increase in power
generation rate yields an exponential increase in the surface heat flux with a different
exponential period. Even though the heat ilux is increasing monotonrically with time.
the accuracy of approximating such an increase by an exponential is questionable.
especially for faster tranaonts where the response of the individual bubble to any
change on the wall becomes more important

3 Between 1y o and £y 1. we assumed that the temperature profile within the
heater remains parabohc  This assumption improved the predictions as compared
with lumped system predictions Nevertheless, it s stll inaccurate, especially for
faster transients
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Comparison of the current theory with the data of Sakurai and Shiotsu® at
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1.079 MPa including randon, vapor mass behavior
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Unfortunately. we could not quantify the errors associated with these assumptions because
surface temperature versus time and heat tlux versus time data during transient CHF expen
ments are not reported in the open hiterature

Finally, we analyzed the eflect of random vapor mass behavior on tue transient CHF modecl.
Through this analysis. we obtained an envelope covering the possible values of transient CHF.
As shown in Figs. 9 and 10. the range of this envelope is relatively small and it is in agreement
with the small data scatter observed during transient CHF experiments. rigures 9 and 10
were generated by assuming a parabolic temperature profile within the heater. Thereforc.
the discrepancy for faster transients is expected. During slower transients. such statistical
analysis improved the ugreement between the theory and the data. The small data scatter
also verifies the importance of the hydrodynamic thinning. without which the scatter would
have been much larger during fast transients.



APPENDIX A
BUBBLE HOVERING PERIOD IN SATURATED POOL BOILING

In this appendix. the equation given by Haramura and Katto” to estimate the hovering
period is summarized. This equation is obtained by solving the equation of motion for an
idealized bubble.""*'* Haramura and Katto' formulated the hovering period in the following
form,

3 i 1 o E/’f" n, ; (TR .
N RSN
ir g . ni o My

where 1, is the volumetric growth rate of the vapor mass and £ is the volumetric ratio of
the accompanying liquid to the moving vapor mass. The term £ is estimated theoretically as
11,16 by Haramura and Katto.”

The volumetric grow rate of the bubble is given by an energy balance as

A;,q
pyhfy
where A, is the heater area contributing to one vapor mass and equal to A%, for a flat plate

and nd\', for a horizontal wire with a small diameter. The parameter A;,. the unstable Taylor
wavelength, is given by

'y (A 2)

[a)

A[; '..77\ 3

I
: A3
I..u(/’f I,!’)J (

For cylindrical heaters of small diameter, A;, is modified to include the additional effect
of the surface tension along the curvature and is given by

:\’i

)’
\‘i . '-' l
V20 dég(py p) 't

(4 1)

In the current study. the hovering period i, is estimated at a steady-state CHF level. Thus.
¢ in Eq (A 2) must be replaced by g i ss.
APPENDIX B
ZUBER CHF CORRELATION

The well known Zuber correlation is given by

Jenr Ss

1 4
oglpr  p,) ]
nho, )

"

(1

where vatious values for the propottionality constant ¢ have been suggested  Oniginally,
Zuber'” calculated €7, to be 0131 1t was later moditied by Lienhard! to 0 149, Indepen
dently of Zuber, Kutateladze obtammed Eq (B 1) through dimensional analysis where ¢ was
sugpested as 0,15 - 0.0: through data companson (as cited by Rohsenow!'*)  Rohsenow
sugpests 08 must be used foe the best data preduction
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NOMENCLATURE

A Heater area that contributes to one vapor mass (m-)

A Heater area covered by vapor (m*~)

A, Total heater area (m*)

B. Switch-over parameter (dimensionless)

C Specific heat (J/kg)

Ca Empirical constant in Eq. {5) (dimensionless)

Cy Empirical constant of Rohsenow’s nucleate boiling correlation
(dimensionless)

Cc C~--ant in Zuber CHF correlation (dimensionless)

d .-ameter (m)

[ Pr sed functions of pressure

g Gravitational constant (m/s?)

H() Heavy-side step function

hyy Latent heat of vapc-.zation (J/kg)

k Thermal conductivity (W/m - K)

L, Laplace coefficient (m)

r Pressure (MPa)

Q Power generation rate (W/m*")

q Surface heat flux (W/m*)

M B Heat flux at tne first transition point predicted by Moissis-Berenson
correlation (W/m*)

I Heater radius (m)

r Radial coordinate (m)

S Total surface area of the heater (m?)

T “emperature (K)

t Time (s)

v Total volume of the heater (m*)

'y Volumetric growth rate of the vapor mass (m*/s)

0 Thermal diffusivity (m*/s)

é Liquid layer thickness (m)



b, Critical liquid-layer thickness d=termined by hydrodynamic instability (m)

& Critical liquid-layer thickness at steady-state CHF (m)

o(P) Prescribed function of pressure

Ay Helmholtz unstable wavelergth (m)

Ap Taylor unstable wavelength {m)

A Modified Taylor unstable wavelength (m)

£ Volumetric ratio of the accompanying liquid to the moving
bubble (dimensionless)

n Ratio of transient CHF to steady-state CHF (dimensionless)

o Surface tension (N/m)

p Density (kg/m®)

T Exponential period of the power generation rate (s)

7 Exponential period of the surface heat flux (s)

T4 Hovering period (s)

U Dynamic viscosity (Pa - s)

Subscripts:

a Average

CHF Critical heat flux

/ Saturated liquid

g Saturated vapor

h Heater

1 Initial value

max Maximum possible value

min Minimum possible value

sat Saturation

SS Steady state

TR Transient

w Wall condition



